Long-term, ecosystem-specific fire regime information improves natural community restoration and management by providing a basis for scientifically reasoned fire management prescriptions. Historical fire regimes can be reconstructed to sub-annual resolution using fire-scarred trees, and while such reconstructions have become increasingly prevalent across the eastern USA, little information regarding how they vary at landscape scale is available. Most studies report fire regime characteristics (i.e., frequency, seasonality) at site-composite levels, commonly at ≤1 km 2 spatial resolution. In this study, we analyzed the historical spatial variation of fire regime characteristics over the past four centuries (1620 CE to present) in a red pine/oak landscape (30.75 km 2 ) in north-central Pennsylvania, USA. Fire event data were reconstructed based on fire scars and locations of 192 living and dead red pines. The spatial and temporal distributions of fire scars revealed a historical fire regime dominated by frequent, dormant season fires most often detected at relatively small spatial extents and by relatively few trees. There was, however, evidence of less frequent, relatively large fires that scarred high percentages of trees. These fire regime characteristics likely resulted in a spatially and temporally transient patchwork of varying vegetation age and structures resulting in a heterogeneous landscape. At the landscape scale, fire frequency changed with human cultures, while fire spatial extent and scarring patterns appeared to be modulated by drought conditions. Results from this study show historical precedence for landscape-scale burning across a broad range of drought conditions and spatial extents, which should be considered when designing fire-management and ecosystem restoration objectives.
INTRODUCTION
The understanding of fire's importance in the ecology and management of natural communities in the eastern USA has seen continual advancement, based largely on the development of new tree-ring and fire-scar derived fire history datasets , 2011 , 2018 , Flatley et al. 2013 , Aldrich et al. 2014 , Kipfmueller et al. 2017 , Abadir et al. 2019 , Meunier et al. 2019 . Tree-ring and fire-scar records allow for increased understanding of prehistoric ecological processes that, through time, resulted in the ecological conditions (Batek et al. 1999 ) later reported in documentary archives (Ruffner 2006 , Hanberry et al. 2014a ). The temporal perspective offered by these natural archives has identified variability in historical fire regimes not otherwise obtainable . To date, much of the related research has focused on temporal trends (i.e., fire frequency), resulting in little advancement in the understanding of the spatial extent or variability of historical fire regimes. Beyond fire frequency, assemblages of individual or networks of firescarred trees offer evidence of past spatial characteristics and variability (Collins and Stephens 2007 , Shapiro-Miller et al. 2007 , Farris et al. 2010 , Rolstad et al. 2017 , Merschel et al. 2018 ).
In the central and northern Appalachian Mountains, tree-ring based fire history studies have reported historical fire regimes of hard pine forests (subgenus Pinus; includes shortleaf (Pinus echinata), pitch (P. rigida), red (P. resinosa), and Table Mountain (P. pungens) pines. These fire regimes primarily consist of relatively frequent, dormant season fires (Mann et al. 1994 , Brose et al. 2013 , Lafon et al. 2017 , Stambaugh et al. 2018 , Abadir et al. 2019 of presumably low-to-moderate severity. Historical fire frequency trends have been shown to be primarily associated with changes in human population, culture, and land uses (Guyette et al. 2002 , Saladyga 2017 , Stambaugh et al. 2018 , Abadir et al. 2019 . In some regions, drought has been shown to influence regional fire synchrony , Stambaugh et al. 2018 . Stambaugh et al. (2018) described temporal fire synchrony in step with Euro-American settlement effects and the advent of modern fire-suppression forest management policies and technology (circa 1915; Decoster 1995) .
Reduced fire activity within the 20th century in fire-adapted forest communities of the eastern USA has resulted in altered plant assemblages and denser forest community structures (Nowacki and Abrams 2008 , Ratajczak et al. 2012 , Hanberry et al. 2014b ) that harbor less diverse plant communities (Peterson and Reich 2008) . As vegetation communities shift toward fire-intolerant tree species, the forest fuel bed and the ability for fire to spread is also altered, i.e., the negative feedback cycle of mesophication (Kreye et al. 2018 ) prevalent in eastern USA forests today. An additional effect of the 20th century reduced fire activity is that hard pine forest communities have become more vulnerable to outbreaks of the northward advancing southern pine beetle (Dendroctonus frontalis), related to increased susceptibility associated with the dense stands typical of unmanaged forest communities (Dodds et al. 2018) .
Prescribed fire use has increased in the eastern USA, and, in turn, individual fire management areas have grown to sizes which surpass the extent of most available historical fire regime data. Though there is evidence that fires historically burned across large landscapes in the upper midwestern USA and southern Canada (McMurry et al. 2007 , Drobyshev et al. 2008 , little work has been completed that details the landscape-scale variability of fire regimes over long time periods. The objective of this study was to describe the spatial extent of historical fires and fire regime variability at landscape scale in northern Pennsylvania where abundant fire-scarred remnant wood exists.
METHODS

Study area, fire-scar chronology
The study area encompassed 30.75 km 2 of forested land in north-central Pennsylvania (Tioga County), USA, within the Deep Valleys section of the Appalachian Plateaus Province ( Fig. 1 ; Sevon 2000) . Data from previously published work (study site 037 in Stambaugh et al. 2018 ) are included here, supplemented by additional samples from an expanded area. The study area is oblong in shape,~11 km long (northeastsouthwest) by 4.5 km wide. Most of the study area is located within State Game Land 037, owned and managed by the Pennsylvania Game Commission (PGC), with the remainder comprised of private and federal (U.S. Army Corps of Engineers) ownerships. Pennsylvania Game Commission records and forest inventory data describe the landscape as mostly upland forests consisting of even-aged stands (80-120 yr since origin), with overstories dominated by northern red (Quercus rubra) and chestnut oak (Q. montana), and with smaller components of white pine (P. strobus) and white oak (Q. alba). Forest midstories are dominated by shade-tolerant species including red maple (Acer rubrum), American beech (Fagus grandifolia), black gum (Nyssa sylvatica), and black birch (Betula lenta). Interspersed among this matrix of largely dry-oak uplands, are small (~0.5-5 ha), discrete stands dominated by red pine, mostly located on upper-slope landscape positions with west-facing aspects. Two river drainages (Tioga River, Mill Creek) dissect the study area into three adjacent landforms (west to east: Bald Hill, Big Hill, and Park Hill; Fig. 1 ). Forest types gradually transition from dry-oak to mesophytic northern hardwoods and eastern hemlock (Tsuga canadensis) along a gradient from ridgetop to valley bottoms, which range in elevation from~350 to 650 m. Today, two flood control reservoirs (Tioga and Hammond), agricultural land uses (farmland), and a four-lane interstate (US-15) occupy the bottomlands.
Fire-scar chronologies were developed from basal cross-sections collected from dead (stumps, standing/down trees) and live red pine trees found mostly on upper slopes and ridgetops. Red pine is superb for fire-scar based fire history study due to its longevity, high resin content and resulting decay resistance, and ability to survive multiple fire injuries. Inventory records and dormant season aerial photos aided in identifying the locations of extant red pine stands in the landscape adjacent to the previously reported fire history study site (Stambaugh et al. 2018) .
Over the course of two field seasons (2016-2017), live and remnant (i.e., stumps/snags) red pine trees with evident fire-scarring (Smith and Sutherland 1999) and sufficient numbers of treerings for dendrochronological dating were collected in a targeted sampling approach (Van Horne and Ful e 2006) . Stands containing live red pine trees, and the areas immediately adjacent, were exhaustively searched for live and dead trees with external fire-scars. Full or partial cross-sections (~5 cm thick) were collected from suitable red pine trees using a chainsaw. Crosssections were removed from the lowest point of the tree containing the greatest structural integrity and most complete fire-scar sequence; multiple cross-sections were taken in many instances to best capture the fire record of each tree. For each tree sampled, slope (degree and direction), aspect, sample height above ground, and tree location (GPS) were recorded. Cross-sections were transported to the Missouri Tree-Ring Laboratory at the University of Missouri for preparation, analyses, and archival.
In the laboratory, cross-sections were polished with successively finer sandpaper (80-1200 grit) using belt and orbital sanders until the cellular detail of tree rings and fire scars were visible. Tree-ring widths were measured sequentially to 0.01-mm precision, viewed through a binocular microscope, using a Velmex TA measuring system (Velmex, Bloomfield, New York, USA). Tree-ring width series were plotted and visually cross-dated using standard dendrochronological techniques (Stokes and Smiley 1968, Speer 2010) . Fire scars on cross-sections were identified by the presence of cambial injuries, callus tissue, traumatic resin canals, and areas of resin liquefaction (Gutsell and Johnson 1996, Smith and Sutherland 1999) . When possible, fire-scar seasonality was identified based on scar position within the annual tree-ring (Kaye and Swetnam 1999) . Assigned fire-scar positions (seasonality) were: dormant (between annual rings), early earlywood, middle earlywood, late earlywood, latewood, or undetermined. Consistent with previous regional studies (Brose et al. 2013 , Stambaugh et al. 2018 ) and reflecting modern seasonal trends in which most wildland fires occur during the early spring (Pennsylvania Department of Conservation and Natural Resources Wildfire Statistics 2018), fire scars were assigned to the calendar year of cambial response; therefore, dormant season fire scars (between annual rings) were assigned to the latter, rather than the preceding year. Fire event data were compiled for each tree and entered into FHX2 (Grissino-Mayer 2001) and Fire History Analysis and Exploration System (FHAES; Brewer et al. 2016 ) software for interval and seasonality analyses.
Fire frequency, extent, and degree of scarring
To identify how fire regime characteristics vary at different spatial scales, historical fire frequency, extent, and fire-scarring were assessed at three spatial extents: landscape, landform, and stand. The landscape (i.e., entire study area) was separated into three landforms according to separations caused by two rivers (Bald, Big, and Park Hills, Fig. 1 ). Landforms were further divided into ten stands, delineated by clusters of samples with smaller spatial extents (≤1 km 2 ), comparable to those reported as sites in other eastern U.S. fire history studies (Aldrich et al. 2010 , 2014 , Flatley et al. 2013 , Muzika et al. 2015 , Johnson and Kipfmueller 2016 , Kipfmueller et al. 2017 , Stambaugh et al. 2018 . For fire frequency calculations only, adjacent landforms (Bald and Big Hills, Big and Park Hills) were combined to increase the breadth of spatial extents available for comparison. Statistics for all spatial extents were delineated and compared by culturally defined time periods (Stambaugh et al. 2018 ): all-time prior to modern fire suppression (ALL, <1915), pre-European settlement (PRE, <1795), and Euro-American settlement (EAS, 1795 (EAS, -1914 . All spatial analyses occurred within the ArcMAP GIS (v10.5.1) environment.
Fire frequency metrics reported consisted of mean fire interval (MFI) and standard deviation, Weibull median fire interval (WMI), range, and lower and upper exceedance intervals (LEI/UEI). Fire frequency metrics were calculated from the unfiltered composite intervals for each spatial extent and time period. At the landscape, fire events per decade were calculated as an 11-yr moving sum. To describe the relationship between spatial extent of observation and fire frequency, MFIs (ALL time period) were plotted by area (km 2 ) for all spatial extents considered (i.e., landscape, landforms, stands). We chose to represent the relationship between MFI and spatial scale with a negative-exponential model based on the work of Falk et al. (2007) and Malamud et al. (2005) which showed that fire frequency follows power-law behavior over spatial extent. Due to the small sample size and autocorrelative nature of the data (i.e., landform data is a compilation of stand data, as landscape is of landform), we present this model to illustrate the relationship between MFI and spatial scale, not for prediction purposes.
The spatial extent of historical fires was measured according to the spatial distribution of fire-scarred trees per year (fire year). Prior to all spatial calculations, a 100-m circular buffer was drawn around all tree waypoints; as such, each tree is calculated to record fire for an area of 0.03 km 2 . For each fire year, the area of a convexhull polygon bound by the extent of all fire-scarred trees was calculated, hereafter "fireextent area". Similarly, the area bound by the extent of all trees recording was calculated, hereafter "recording-extent area" (Fig. 2) . To calculate the relative spatial extent within the study site with evidence of fire, relative fire extent (RFE) was calculated for each fire year by dividing fire-extent area by recording-extent area:
where RFE is relative fire extent, and recordingextent area and fire-extent area are in km 2 . Relative fire extent does not depict the actual area burned during a fire year, but instead is a conservative estimate of the spatial extent of fire relative to the recording landscape, thus it represents the spatial extent of fire detected within the study area in a particular year. This methodology assumes that all trees in the entire study site alive during fire years are equally recording fire at all times. This manner of inferring spatial extent of fires has been shown to reasonably estimate the fire extent of 20th century fires with known perimeters (Collins and Stephens 2007 , Shapiro-Miller et al. 2007 , Lombardo et al. 2009 ). Presumably, fires detected in this landscape extended beyond the study site, though to what degree is unknown. However, some inferences were possible through the comparison of the fire years reported here to those by Brose et al. (2013 Brose et al. ( , 2015 at three red pine fire history study sites located 40-60 km southwest. For all fire years, the percentage of trees scarred was calculated separately for all spatial extents. For the landscape, this is hereafter referred to as landscape-level percentage of trees scarred (% ScarLS). To assess the degree of fire-scarring within the fire-extent area, the percentage of trees recording within the fire-extent area which were fire-scarred (%ScarFE) was calculated as %ScarFE ¼ ðnumber trees scarred=number trees recording within the fire-extent areaÞ Ã 100;
(2) where %ScarFE is the percentage of trees firescarred within the fire-extent area in a fire year, and the number of samples recording within the fire-extent area was determined by selecting trees located within or intersected by the fire-extent area polygon. To avoid nonsensical values for years in which one or several adjacent trees were scarred with no other recording trees nearby, we excluded fire years for which less than five trees were recording within the fire-extent area from analyses. To assess associations between fire extent and degree of fire-scarring, RFE was plotted against %ScarFE. Fire years were then grouped relative to mean values of both metrics (i.e., small RFE/ low %ScarFE, small RFE/high %ScarFE, large RFE/high %ScarFE, and large RFE/low %ScarFE). Mean fire interval was calculated separately for each category, and the percentage of fire years in each category that were synchronous with fire years reported by Brose et al. (2013 Brose et al. ( , 2015 was calculated.
Kruskal-Wallis H and Kolmogorov-Smirnov (K-S) goodness-of-fit tests were conducted using statistical software R (http://www.r-project.org) to test for statistical differences (a = 0.05) in fire frequency, RFE, %ScarFE, and percentage of trees scarred among time periods iteratively for the different spatial extents (i.e., the entire study area, landforms, and three selected stands). Three stands were selected for comparison based on (1) located on different landforms, (2) comparable numbers of samples, and (3) length of continuous time record with at least two recording trees. Kruskal-Wallis H tests were utilized to test for differences when comparing more than two data groups (i.e., among landforms and stands); testing of paired data (i.e., among different time periods) utilized K-S tests. For the landscape, all statistical analyses were restricted to a common period of 1620-1914, during which at least 75% of the entire study area contained trees represented in the tree-ring record. Analyses for the stands and landforms were restricted to times with at least two or three trees recording, respectively. The time period after 1914 was not included in any analyses to avoid influence of modern fire-suppression capabilities.
Fire/drought associations
Associations between fire extent, percentages of trees scarred, and drought were assessed using Pearson product-moment correlation and superposed epoch analysis (SEA). Superposed epoch analysis tests if drought conditions associated with fire events were significantly wetter or drier than statistically expected (Brewer et al. 2016) . Drought data consisted of reconstructed summer season Palmer Drought Severity Index (PDSI; Palmer 1965) for the region (grid point 254, southern New York, USA; Cook et al. 2004 ). Lagged conditions of six years prior and four years after fire events were considered. Superposed epoch analysis was conducted separately for all spatial extents and time periods, and for fire years compiled into two groups (below mean, ≥mean) for RFE, %ScarFE, %ScarLS, and also separately for fire years which occurred on one, two, or three landforms. Lastly, SEA was conducted separately for fire years categorized based on observations being above or below respective mean values of RFE and %ScarFE: small RFE/low %ScarFE (n = 36), small RFE/high %ScarFE (n = 28), large RFE/high %ScarFE (n = 16), and large RFE/low %ScarFE (n = 9). Drought conditions were considered significantly different than expected at the 0.05 alpha level, and confidence intervals were derived by bootstrapping data for 1000 simulated events.
RESULTS
Fire-scar chronology
Full or partial cross-sections were collected from 202 dead and live red pine trees. Tree rings on cross-sections from 192 trees were dated, yielding a tree-ring record spanning from 1581 to 2016 (Table 1) . A total of 1,035 fire scars were identified in 119 individual fire years, between calendar years 1590 and 1966 ( Fig. 3 ). Two early fire years (1590, 1603) and eight after 1914 were excluded from analyses. For the ALL time period (1620-1914), 1,013 fire scars and 109 fire years were observed. Fire scars were detected on multiple trees for most fire years, though 18 fire years (16.5%) were only recorded by a single tree during the ALL time period. The trees recording these fires were distributed across the entire study area ( Fig. 2F ) and through the entire chronological record, except during one extended period (1692-1781).
Seasonality was determined for 64.9% (n = 657) of the 1013 fire scars in the ALL time period; the remainder (n = 356) were deemed unidentifiable due to rotted or missing wood obscuring the fire scar. The majority (61.8%) of the fire scars occurred in the dormant season (between rings; Table 2 ). Growing season fire scars were identified in thirteen of the 109 fire years (11.9%), of which, more (2.5%) were in the earlywood growth, with a lesser component of latewood scars (0.6%). Fire seasonality was similar across time periods, with slightly more growing season fire scars identified during the EAS time period (3.3%) than during the PRE time period (2.7%).
Fire frequency, extent, and degree of scarring
At the landscape spatial extent and during the ALL time period, 108 fire intervals were detected, with an MFI of 2.7 yr (range 1-12; Fig. 4 ), with more variability (higher standard deviations, larger ranges) during the PRE period (Table 4) . Fire interval distributions were strongly negatively skewed ( Fig. 5) .
At landforms during the ALL period, 42 fire intervals were detected at Big Hill (MFI = 6.9 yr), 54 at Park Hill (MFI = 5.3 yr), and 62 at Bald Hill (MFI = 4.3 yr), with no statistical differences detected between landforms (Table 3) . Sample size ranged from 58 to 74 trees, and landform areas ranged from 1.6 to 9.8 km 2 (Table 1) . See Appendix S1 (Table S1) for fire frequency statistics for combined landforms. At Bald and Big Hills, fires were significantly more frequent during the EAS period (Bald MFI = 2.8 yr, Big MFI = 4.9 yr) than during the PRE period (Bald MFI = 9.8 yr, Big MFI = 9.7 yr; P < 0.001, and 0.02, respectively; Table 4 ). The same trend was observed at Park Hill, though not statistically significant. At all three landforms, fire interval ranges were larger during the PRE period compared to EAS (Table 4) .
For stands, during the ALL period the number of fire intervals ranged from 10 to 35, and MFIs ranged from 7.7 to 20.3 yr (Table 3) . Sample sizes ranged from 7 to 38 trees, and site areas from 0.08 to 0.5 km 2 (Table 1) . Considering all ten stands, there was considerable variability in fire frequency and percentages of trees scarred (Fig. 3B , Table 3 ; Appendix S1: Table S2 , Fig. S1 ). For the three stands (037, BH1, and PK4) for which intervals were statistically tested for differences, the number of fire intervals ranged from 26 to 34, and MFIs ranged from 7.8 to 10.9 yr, with no significant differences detected between stands (Table 3) . Fire was more frequent during the EAS time period at all three stands, though only statistically significant at BH1 (Table 4 ; P < 0.01). All stands experienced fire-free intervals longer than statistically expected, which were more prevalent during the PRE time period (Fig. 3B ).
Mean fire interval length decreased as the area of observation increased. The negative exponential equation relating mean fire interval to spatial extent of observation was MFI ¼ 10:72 Â e ðÀ0:07ÃareaÞ ;
( 3) where MFI is mean fire interval at respective spatial extent and area is in km 2 (Fig. 6) . For the ALL time period, the recording area footprint ranged from 25.1 to 33.1 km 2 (mean = 31.3 km 2 ) and the number of trees recording per year ranged from 25 to 150 (mean = 86) and peaked between 1765 and 1778 ( Fig. 4B) . Fire-extent area ranged from 0.03 km 2 (i.e., single tree scarred) to 32.6 km 2 (mean = 4.1 km 2 ), while RFE ranged from 0.1% to 99.2% (mean = 13.1%; Table 5 , Fig. 4B ) and exhibited a strongly negatively skewed frequency distribution (Fig. 5) . Though not significantly different, RFE values were higher during the EAS period than in the PRE period (mean values of 14.9%, 10.3%, respectively; Table 5 ). The majority of the fire-extent areas appeared to be spatially cogent, in that fire-scarred trees were adjacent to each other, and when separated by Composite fire records for all ten stand spatial extent units; same symbol definitions as above, red shading depict longer than expected intervals as determined by upper-exceedance intervals calculated per stand separately for the pre-European and Euro-American settlement time periods (Stambaugh et al. 2018) ; dotted lines indicate periods for which less than two trees were recorded. longer distances (i.e., different stands or landforms), trees in locations between were also scarred (see Appendix S1: Fig. S2 ). There were nine fire years for which fire-extent area was less obviously spatially cogent, in that only a few trees separated by relatively long distances were scarred (see Appendix S1: Fig. S3 ). We contend the associated RFE and %ScarFE values for these years are, nonetheless, reasonable based on the findings of Collins and Stephens (2007) , in which two or more fire-scarred trees disparately located within a landscape were found to be recording the same widespread fire events, opposed to multiple separate small fires.
The majority of fires (62.4% during the ALL time period) were recorded by trees located on only one landform, of which a higher proportion occurred during the PRE time period (67.4%) than in the EAS (59.1%; Table 6 ). The percentage of fire years detected on two landforms was higher in the EAS period (30.3%) than the PRE period (25.6%). Relatively few fire years were detected on all three landforms for any time period, 7.0% and 10.6% during the PRE and EAS time periods, respectively (Table 6 ). Nearly half of the fire years (52 of 109) were detected at only one stand, and these fires occurred during drought conditions ranging from moderately dry to very wet conditions (PDSI values: À2.9 to 3.5; Palmer 1965) . Conversely, only one fire year was detected at all stands (1833) for which the PDSI value was very wet (3.6).
At the landscape extent, during the ALL time period the mean percentage of trees scarred (% ScarLS) was 10.9% (range 0.7-63.4; Table 5 , Fig. 4) , with a strongly negatively skewed frequency distribution (Fig. 5) . %ScarLS was higher, though not statistically different, during the EAS period (11.3%) than the PRE period (9.4%; Table 5 ).
For landforms, during the ALL time period, the mean percentage of trees scarred ranged from 18.6% to 26.9% (Table 3 ). Big Hill had Notes: ALL is all years prior to modern fire suppression era ; PRE is pre-European settlement period (1620 -1794); EAS is Euro-American settlement period as defined in Stambaugh et al. (2018) . Notes: Data for time periods with at least two trees recording, except for landscape spatial scale which is restricted to time period with at least 75% of the entire study site covered by sample extent. Different superscript letters indicate statistically significant difference (a = 0.05). ALL, all years prior to modern fire suppression; MFI, mean fire interval; SD, standard deviation; WMI, Weibull median interval; LEI, Lower exceedance interval; UEI, Upper exceedance interval. significantly higher percentage of trees scarred than Park and Bald Hills in both the ALL and EAS time periods (Table 3 ; P = 0.05). No significant differences were detected among landforms during the PRE period (Table 4 ). The percentage of trees scarred was significantly higher during the EAS period than that of the PRE at both Park and Big Hills (P = 0.02 for both), and lower (not statistically significant) at Bald Hill (Table 4) .
For stands, during the ALL period, the mean percentage of trees scarred ranged from 22.7% to 62.1% (Table 3) . For the three stands for which the mean percentage of trees scarred were statistically compared (037, BH1, PK4), during the All time period, values ranged from 35.4% to 42.4%, with no significant differences detected between stands (Table 3) . Though not statistically significant, stands PK4 and 037 had lower mean percentages of trees scarred during PRE period than during EAS, while BH1 had higher percentages of trees scarred during the PRE period (Table 4) .
Data stratification resulted in 89 observations for analyses involving the degree of fire-scarring within the fire-extent area (%ScarFE). Pearson product-moment correlation analyses showed no significant associations between %ScarFE and RFE or %ScarLS, though RFE was strongly correlated with %ScarLS (P < 0.001). The mean value for %ScarFE was 40.4% during the ALL time period, 37.8% and 42.2% during the PRE and EAS periods, respectively ( Table 5 ). The frequency distribution of %ScarFE was fairly even with a wide range of values, with no statistically significant differences detected across time periods (Table 5 , Fig. 5A ).
Categorizing fire years based on observations being above or below mean values for RFE and %ScarFE ( Fig. 7) resulted in 36 fire years classified as small RFE/low %ScarFE (MFI = 7.6 yr), 28 fire years as small RFE/high %ScarFE (MFI = 9.8 yr), 16 fire years as large RFE/high % ScarFE (MFI = 18.7 yr), and nine fire years as large RFE/low %ScarFE (MFI = 24.4 yr; Table 6 ).
During the ALL time period, 39 of 109 fire years (36.8%) were also detected at one or more of the three fire history sites reported by Brose et al. (2013 Brose et al. ( , 2015 , the large majority of which (n = 35) occurred during the EAS time period. Of the 39 shared fire years, 12 were recorded at two or more of the three sites reported by Brose et al. (2013, 2015), nine of which were above the ALL time period mean for RFE, and six were above the mean values for both RFE and %ScarFE (Fig. 7) .
Fire and drought associations
Pearson product-moment correlation analyses showed no significant associations between drought and RFE, %ScarLS, or %ScarFE. Superposed epoch analysis resulted in few and varied associations between drought and fire occurrence for most spatial extents and time periods. At the landscape, there were no significant drought/fire associations detected for any time periods. For the landforms, drought conditions were drier than expected during the year of fire (time lag = 0) at Park Hill during the ALL and PRE time periods. At Big Hill, conditions were wetter than expected four years prior to fire during the EAS period. No other significant fire/ drought associations were identified for landforms.
For stands, during the ALL period, fire occurrence was significantly related to drier than expected conditions during the preceding year at two sites (BH2 and PK4), and during the year of fire at one site (PK4). During the PRE period, fire occurrence was significantly related to wetter than expected conditions four to six years prior at four sites (BH1, BH2, IV2, and IVR). There were no significant drought/fire relationships observed at any sites during the EAS time period, one stand (PK1) was not included in the analysis due to insufficient sample depth after 1842.
At the landscape scale, SEA revealed consistent significant associations between drought and fire years which contained high values for RFE and %ScarFE. Conditions were drier than expected during the year of and prior to fire years for which RFE values were above the mean (Fig. 8A) ; during the year of fire for years with higher than mean values for %ScarFE (Fig. 8B) ; and during the year of and prior to fires which were recorded at two or more landforms (Fig. 8C) . No significant associations were found between drought conditions and %ScarLS grouped above or below the mean value.
Drought conditions were found to be drier than expected for fire years categorized as small RFE/high %ScarFE (year of fire, lag = 0) and large RFE/low %ScarFE (two years prior, lag = À2). Conditions were wetter than expected six years prior (lag = À6) for fire years categorized as large RFE/high %ScarFE. Notes: All data for time periods with at least two trees recording; different superscript letters indicate statistically significant difference between sites during the same time period. Different superscript numbers indicate significant difference between time periods (intra-site). MFI, mean fire interval; SD, standard deviation; WMI, Weibull median interval; LEI, lower exceedance interval; UEI, upper exceedance interval; PRE, pre-European settlement period (≤1794); EAS, Euro-American settlement period as defined in Stambaugh et al. (2018) .
DISCUSSION
In this study, the spatial and temporal distributions of fire scars show that the historical fire regime mostly consisted of frequent, dormant season fires, covering small spatial extents and scarring relatively few trees. Though less common, large fires that scarred high percentages of trees also occurred. Over time, fire frequency differed with changes in cultural occupation, while fire spatial extent and degree of scarring was modulated by drought conditions.
Fire frequency, extent, and degree of scarring
For most fire years, fire detection was restricted to relatively small spatial extents (Fig. 5C ), for example, nearly 70% of fire years were detected at fire-extent areas less than 3 km 2 (Fig. 4B ) in size. This finding is very similar to the few existing landscape-scale studies of fire- scar records that have measured fire extent, all of which reported fire extent distributions to be strongly negatively skewed: Merschel et al. (2018) in a mixed-conifer forest in central Oregon; two studies (Niklasson and Granstrom 2000, Rolstad et al. 2017) in boreal forests of Norway and Sweden; and Lombardo et al. (2009) in a matrix of bigcone Douglas-fir (Pseudotsuga macrocarpa) and chaparral communities in the southwest USA. While a relatively small proportion of the study area contained evidence of fire in most fire years, the ALL time period mean fire-extent area of 4.1 km 2 is considerably larger than typical modern prescribed fire management units in the region. Pennsylvania Game Commission records show prescribed fire units in forest communities averaged about 1 km 2 from 2010 to 2018 (John Wakefield, personal communication). It is possible that the fire-extent areas reported here underestimate historical fire sizes. Studies which compare fire scar spatial distributions to known fire perimeters in 20th century fires (Collins and Stephens 2007) have shown this method to be a conservative estimate of spatial extent, and that fire extents were consistently larger than indicated by recovered fire scars.
Similar to both Scandinavian studies (Niklasson and Granstrom 2000, Rolstad et al. 2017 ) and red pine fire history studies in Pennsylvania and Michigan (Drobyshev et al. 2008 , Brose et al. 2013 , Muzika et al. 2015 . Relationship between mean fire interval (MFI) and spatial extent of observation. Curved line depicts the negative exponential relationship. Note: Different superscript letters indicate statistically significant differences between time periods defined in Stambaugh et al. (2018) . ALL, all years prior to modern fire suppression; PRE, pre-European settlement; EAS, Euro-American settlement. EAS 2018), here fire frequency increased concomitantly with human population density, until 20th century fire-suppression practices effectively eliminated wildland fire from the landscape. Counter to Niklasson and Granstrom (2000) , who observed a negative relationship between fire size and frequency, in our study fire extent increased with fire frequency. This finding suggests that frequent fire begat pyrogenic conditions, and likely promoted fire spread through increased connectivity of receptive fuel beds. Additionally, though not analyzed in this study, the length of time since a fire at a stand appeared to affect scarring likelihood. For example, in 1805 a fire was detected throughout most of stand BH2 (Appendix S1: Fig. S2A ), with fire scars found on almost half of the trees recorded (47.4%). The following year, in 1806, a fire was detected at stands surrounding BH2, but not within (Appendix S1: Fig. S2B ). Based on the locations of fire-scarred trees in 1806, it appears likely that stand BH2 was within that year's fire perimeter, but no trees were scarred, likely due to reduced fire intensity related to lowered fuel availability. Similar to other fire history studies in Pennsylvania, we found fire frequency to vary according to cultural time periods (Brose et al. 2013 , Saladyga 2017 , Stambaugh et al. 2018 . Fire frequency, regardless of spatial scale considered, was consistently lower and more variable during the PRE time period compared to EAS. Though MFIs for stands were generally similar (i.e., range of 7.7-10.9 yr for the six stands with fire records through 1914, Table 3 ), there were interesting stand-level differences. The asynchrony of UEIs (Fig. 3B) for stands, but with similar mean fire intervals for given time periods, may indicate that fire occurrence migrated throughout the landscape, and that during periods (i.e., decades) of low fire activity at one location, fires were occurring elsewhere in Fig. 7 . Scatterplot of relative fire extent (RFE) and the percentage of trees scarred in the fire-extent area (%ScarFE). Red dashed line marks the mean RFE value (15.9%), blue dashed line depicts the mean %ScarFE value (40.5%). Data were stratified to remove fire years before or after the all years prior to modern fire suppression (ALL) time period , and those with less than five trees recording within the fire-extent area. Fire years were grouped into four categories separated by means (I) small RFE/low %ScarFE; (II) small RFE/high %ScarFE;
(III) large RFE/high %ScarFE; and (IV) large RFE/low %ScarFE. Filled circles indicate fire years reported by Brose et al. (2013 Brose et al. ( , 2015 at two or more study sites located~40-60 km to the southwest. Year of fire is lag year = 0, PDSI is Palmer Drought Severity Indices (Cook et al. 2004 ). the landscape. For example, Stambaugh et al. (2018) noted an exceptionally long UEI at site 037 between fire years of 1739 and 1779, a fire-free interval longer than any other detected at this site in over 300 yr. By expanding the spatial scale of observation, we identified increased fire activity at nearby stand BH2 (5.3 km to the east, separated by the Tioga River, Figs. 1, 3B ; Appendix S1: Fig. S1 ), during which five fire years were identified (1749, 1755, 1760, 1763, and 1768) , three of which were identified on at least seven trees. These findings suggest much valuable ecological contextual information is missed when documenting fire histories solely at individual stand-level spatial scales.
Fire frequency increased exponentially with scale of observation ( Fig. 6) , consistent with the spatial-scale dependency reported by Stambaugh et al. (2016) at post oak (Quercus stellata) study sites in Tennessee and Oklahoma and by Falk et al. (2007) for landscapes of western North America. These findings indicate that spatial scale is a critical consideration when designing prescribed fire programs and in the determination of appropriate fire return intervals.
Categorizing fire years by the number of landforms affected (Table 6) revealed that MFIs approximately doubled as the number of landforms affected increased. This trend in which relatively small fires occurred much more frequently than larger fires through time, and that the majority of fires were detected on single landforms, suggests that historically, fires exhibited fidelity to the landform on which they were presumably ignited, and that modern prescribed fire units partitioned into landforms divided by waterways are congruent with historical trends.
Small fires that scarred relatively few trees occurred more frequently than all other categories (i.e., more than half of the fire years were only detected within one stand, and 16.5% of fires in the ALL time period were detected only by a single tree). This indicates that historically, small fires with low degree of scarring played a prominent ecological role. These fire regime characteristics likely resulted in a spatially and temporally transient patchwork of varying standlevel vegetation age and structures. Interestingly, many of these fires would not have been included in any analyses if the fire record was filtered based on fire-scarring percentages (e.g., only included fire years recorded on ≥2, or 10% of the recorded trees), a common practice in treering based fire history research (Farris et al. 2013 , Roos et al. 2019 .
Evidence for fires of relatively large extent and high degree of scarring occurred less frequently (Table 6) . Though not significantly different, we found that fire years with fire extent and degree of scarring values higher than their means occurred more often during the EAS period than PRE. This suggests associations exist among fire size, percentage of trees scarred, increased fire frequency, and human populations. The mean percentage of trees scarred within the fire-extent area (%ScarFE) was nearly identical between time periods (Table 5 ), suggesting that degree of scarring is not strongly associated with fire frequency.
Fire/drought associations
This study provided a unique opportunity to examine the influence of drought on fire regimes along a gradient of spatial extents. For stands and landforms, we found little association between drought and fire occurrence, similar to other Appalachian fire history studies conducted at similar spatial scales (Flatley et al. 2013 , Aldrich et al. 2014 . These findings are similar to what has been found at regional scales (i.e., regional fire synchrony in Stambaugh et al. 2018) , though at this scale it is difficult to distinguish if synchrony results from multiple fires or spread of the same fire. However, this study is contained to a single landscape, increasing the likelihood that these are single fires of large spatial extent. Interestingly, 10 of the 12 fire years which were shared by at least two of the sites reported by Brose et al. (2013 Brose et al. ( , 2015 40-60 km distant were categorized as above the mean value for RFE (Fig. 7) ; indicating that regionally synchronous fires were also more likely to be detected at relatively large spatial landscapes and associated with drought.
The percentage of trees scarred for a given fire year has been shown to depict fire extent (Farris et al. 2010 ) and proposed as a scale for fire severity (Lombardo et al. 2009 , Muzika et al. 2015 . In this study, we refined this metric to consider only trees which were recorded within the fire-extent area, therefore removing trees and areas not relevant to that fire ❖ www.esajournals.org year from calculations. Based on our analysis, we suggest that consideration for the locations of trees scarred and recording is critical for utilizing this metric to retrospectively describe relative impacts of individual fires. For example, without adjusting for fire extent, a fire year in which 50% of the trees within the fixed-area study site were scarred could result from a widespread fire which scarred half of the trees encountered, or a smaller fire which only burned across part of the study site, though scarred a higher percentage of trees. Fire extent (i.e., RFE) and the percentage of trees recording in the entire study area (i.e., %ScarLS) were found to be highly correlated and exhibited very similar frequency distributions (Fig. 5) , while the degree of scarring within the fire-extent area (%ScarFE) exhibited a very different distribution (Fig. 5A) , and was not correlated with either %ScarLS or RFE. Accordingly, there is evidence that this spatially explicit metric may reflect a gradient of fire severity rather than fire extent. Disentangling fire extent and severity in the tree-ring record will likely require substantially larger-scale and more systematic sampling efforts (i.e., grid-based) than those offered by single sites (e.g., 1 km 2 ); however, this is often not feasible given the paucity and clustered distributions of remnant trees.
Management implications
The relationship between fire frequency and human culture implicates human intervention as a requisite for the existence and perpetuation of fire-adapted ecosystems in the region. Most lightning storms in the northeastern USA are accompanied by rain and high humidity levels (Abrams and Nowacki 2008) , and, in modern times, the overwhelming majority of wildfires are ignited by human activity, compared to just 1.3% by lightning (1979 Department of Conservation and Natural Resources Wildfire Statistics 2018). Historically, lightning may have exerted greater influence on fire regimes in this landscape due to a lack of modern fire spread impediments such as roads, agricultural lands, and other related fire breaks. However, given the relative scarcity of large, unfragmented natural cover landscapes in modern times, lightning alone cannot be considered an ecologically significant ignition source for northeastern U.S. natural community restoration objectives.
This study provides valuable information regarding the spatial and temporal variability of fire regimes in hard pine ecosystems in northeastern U.S. landscapes. Historical precedence exists in this landscape for fires of small to large size with varying degrees of scarring, modulated by drought conditions and human populations. Currently, there is a trend in the U.S. prescribed fire management to move toward landscapescale prescribed fires with heterogeneous fire effects that contain areas of fire refugia (Meddens et al. 2018) . Meeting ecosystem restoration objectives will require burning across a broad range of spatial extents, and when management objectives require burning across multiple landforms, the timing of fires may need to be associated with drought. Modern fire management programs which intend to promote fire-adapted communities and fire-regime attributes representative of pre-European settlement conditions will benefit from consideration of the wide range of historical spatial and temporal variability in fire size, fire frequency, and fire severity when developing restoration objectives and prescriptions.
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